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ABSTRACT
Parents can transmit pathogens to their offspring. Neonatal hosts are particularly
vulnerable to infectious diseases, as they have immature adaptive immune systems at birth. In
this study, I examine parental transmission of a common bacterial pathogen Mycoplasma
gallisepticum (MG) in wild eastern bluebirds (Sialia sialis) and its impact on nestling growth. By
diagnosing infections in all family members, I confirmed that eastern bluebird nestlings can
contract MG infections, and that infection was more common in older nestlings compared to
adults and neonates. Furthermore, unlike in other avian hosts, MG infection does not
significantly impact nestling body condition. In response to infection, eastern bluebird mothers
synthesize and transfer MG-specific antibodies to eggs. Using serology testing, I examined
antibody levels at multiple time points throughout the nestling period and developed an immune
profile to calculate the half-life of maternal antibodies and evaluate the development of nestling
immunity. I found that maternal antibodies degrade quickly post-hatching, with a calculated halflife of 3.4 days. Intrinsic antibody production is estimated to begin 8-11 days post-hatching.
Mothers who possessed MG antibodies in circulation transmitted them to all of their nestlings,
and those nestlings were in better body condition and had a higher pre-fledging body mass
compared to those lacking the antibody. Pre-fledging mass has been linked to first year survival
and reproductive success in many other songbird species. Thus, my results suggest that while
short in duration, maternal antibodies may have lasting impacts on offspring post-fledging
success. Overall, my study provides insight into parent-offspring disease transmission and
evaluates neonatal host responses in a naturally-occurring host-pathogen system.
ii
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matAb
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Enzyme-linked Immunosorbent Assay

PCR

Polymerase Chain Reaction

D2
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CHAPTER ONE:
THE PREVALENCE AND EFFECTS OF MYCOPLASMA GALLISEPTICUM
INFECTION IN NESTLING EASTERN BLUEBIRDS (SIALIA SIALIS)
INTRODUCTION
Mycoplasma gallisepticum (MG) is an avian bacterial pathogen historically associated
with productivity crashes in commercial poultry farms (Lin & Kleven, 1982; Ley & Yoder,
2008). It was first identified in the 1950s as a causative-agent of chronic respiratory disease
(Luttrell et al., 1998; Hochachka et al., 2000). In poultry hosts, MG infection initially localizes to
the respiratory tract and induces symptoms such as respiratory distress, discharge, and
inflammation (Ley & Yoder, 2008). Active infections can be both horizontally and vertically
transmitted within infected flocks (Lin & Kleven, 1982; Ley & Yoder, 2008). Horizontal
transmission occurs when an infected host transfers the pathogen to susceptible hosts through
physical contact or shared surfaces such as food, water, or bedding (Anderson & May, 1979; Lin
& Kleven, 1982; Ley & Yoder, 2008). Alternatively, chronic infections in female hens localize
to the reproductive tract and are vertically transmitted to developing embryos prior to egg laying
(Anderson & May, 1979; Lin & Kleven, 1982). Chronic maternal infections lead to decreased
egg production, increased hatch failure and embryo mortality, and reduced growth in chicks (Lin
& Kleven, 1982; Ley & Yoder, 2008).
In the mid-1990s, MG was positively identified in a songbird species, the house finch
(Haemorhous mexicanus) (Ley et al., 1996). House finches are now considered common hosts of
the bacterial pathogen with infected individuals exhibiting symptoms of conjunctivitis, orbital
1

swelling, and nasal discharge (Luttrell et al. 1998; Hochachka et al. 2000). Severe conjunctivitis
puts individuals at increased risk of predation and reduces foraging behaviors (Adelman et al.,
2015; Adelman et al., 2017). It is estimated that reductions in house finch abundance was as high
as 60% in some regions of the eastern U.S. following the initial epidemic (Hochachka & Dhondt,
2000). MG is horizontally transmitted among seed-eating species at bird feeders, especially in
the Emberizine finch family (Adelman et al., 2015). Nest surveys have demonstrated that both
house finch nestlings and their parents may become infected with MG during the breeding
season (Hartup & Kollias, 1999; Nolan et al., 2004), and it has been suggested that MG is
horizontally transmitted from infected parents to vulnerable nestlings through parental care
behaviors. Naturally infected house finch nestlings show evidence of decreased body size
compared to uninfected nestlings (Nolan et al., 2004), which indicates that MG infection may be
costly for nestlings in terms of growth.
Recent evidence suggest that many species of wild birds can serve as reservoirs or
spillover hosts to MG (Sawicka et al., 2020). However, few studies have directly examined
responses to MG infection in any hosts other than poultry and house finches (Dingfelder et al.,
1991; Kempf et al., 1997; Kollias et al., 2004; Balenger, 2019), and none have investigated rates
of nestling infections in any other host species. With a range that overlaps extensively with that
of the eastern populations of the house finch (Sibley, 2003), wild eastern bluebird (Sialia sialis)
populations are exposed to MG and mount a humoral immune response in the form of circulating
antibodies during and subsequent to infection (Balenger, 2019). Experimental infections show
that MG is costly to adult eastern bluebirds, resulting in decreased body mass and increased risk
of mortality (Balenger, 2019). However, it is unknown if eastern bluebird nestlings contract MG
within the nest or if infection has negative impacts on growth and development.
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Songbird humoral immunity develops throughout the post-hatching nestling period and
takes multiple days or even weeks to mature (Grindstaff et al., 2003; King et al., 2010). Thus,
neonates are left immunologically vulnerable during the early nestling period and are particularly
susceptible to pathogens encountered shortly after hatching (Levisohn et al., 1985; Grindstaff et
al., 2003), such as those found within the nest or transmitted from parents.
Here, I hypothesized that infected eastern bluebird parents transmit MG to their offspring,
and I attempted to evaluate whether transmission to nestlings is more likely to occur vertically or
horizontally. I examined transmission mode by evaluating the infection status of nestlings at both
an early (2 days post-hatching) and a late stage (14 days post-hatching). If the primary mode of
MG transmission to nestlings is vertical then I predict that 1) mothers of infected nestlings will
also be positive for MG, and 2) nestlings will show a greater rate of infection when 2 days old
than when they are 14 days old. If MG is primarily horizontally transmitted, then I predict that 1)
either parent will be equally likely to test positive for MG, and 2) older nestlings (14 days) will
have similar or greater rates of infection compared to younger nestlings (2 days) due to a longer
period of exposure. Lastly, I hypothesize MG infection is costly to nestlings in terms of body
condition, mass, and size. If MG infection is costly to nestlings, then I predict that infected
offspring will be in worse body condition and have lower body mass and/or size.
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METHODS
I. Host Sampling
Eastern bluebirds are cavity-nesters that readily reproduce in manmade nest boxes. On
average, eastern bluebirds will lay 4-6 eggs per clutch and raise 2 clutches per breeding season
(Gowaty and Plissner, 2020). Eggs are laid asynchronously and incubation often begins just prior
to clutch completion (Gowaty and Plissner, 2020). After hatching, the altricial nestlings remain
completely dependent upon their parents for survival for approximately 17 days until they fledge
(Gowaty and Plissner, 2020).
Field monitoring and sampling was conducted for two consecutive field seasons (20182019) at the University of Mississippi Field Station (34°25'57.9"N 89°23'25.3"W) and the Ole
Miss Golf Course (34°23'26.1"N 89°31'48.2"W) near Oxford, Mississippi. Beginning in midMarch, all nest boxes were monitored daily for nest building, egg laying, and hatching. When
nestlings were two days old one toenail was clipped for future identification; they were then
weighed to the nearest ± 0.01 g and their tarsus bone length was measured to the nearest ± 0.1
mm using digital calipers. Body mass and tarsus length were also collected from each nestling on
days 5, 8, 11, and 14 post-hatching. Body mass and tarsus length at 14 days post-hatching was
used to estimate condition at fledging. Nestlings were banded with a USGS band on day 8 for
long-term identification (permit #23563). Using a cotton-tipped micro-swab (BD BBL
CultureSwab, Becton Dickinson, Franklin Lakes, NJ), I collected a swab from the choanal cleft
palate for future diagnosis of active MG infection. Micro-swabs were placed in sterile culture
tubes and frozen at -20°C until DNA extraction could be performed. In 2018, I swabbed
nestlings at 5 days post-hatching. In 2019, I swabbed nestlings soon after hatching (2 days posthatch) and again just prior to fledging (14 days post-hatch). Adult bluebirds were sampled once
4

per brood during initial capture when their nestlings were 5-14 days old. All field work was
approved by the University of Mississippi Institutional Animal Care and Use Committee
(IACUC) (protocol #18-015).
II. DNA Analysis of Micro-swabs
A. DNA Boil Extraction
Swabs were thawed to room temperature, and cotton tips were transferred into
microcentrifuge tubes containing 200 uL of sterile water. Tubes were then heated to 95°C for 10
minutes, placed on ice for 10 minutes, then centrifuged at 2500 rpm for 5 minutes. Samples were
then stored at -20°C until PCR was performed.
B. Polymerase Chain Reaction and Gel Electrophoresis
DNA was amplified using MG-specific primers for the mgc2 cytadhesin gene (Hnatow et
al. 1998). PCR products were run on a 2% agarose gel for interpretation. The expected fragment
length was 185 bp (Hnatow et al. 1998), and presence of the 185 bp band indicated current MG
infection. Absence of a band was interpreted as not being infected. Each sample was compared
to a negative control, a positive control of MG DNA extracted from a culture, and a DNA ladder.
III. Statistical Analysis
All statistical analyses were conducted in R (R Core Team 2017, Vienna, Austria). To
calculate individual body condition for each individual, I performed a linear regression using the
car package between body mass and tarsus length measurements to obtain the residual values
(Fox & Weisberg, 2011). Positive residual values indicate better body condition, whereas
negative residual values indicate poorer body for individuals that weighed more or less
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respective to their body size. I calculated body condition residuals separately for each time point
and year. I used a chi-square test to examine the likelihood of being infected on day 2 versus day
14 post-hatching from the data collected during the 2019 field season.
I used separate linear mixed models to test the effect of MG infection on nestling body
mass, tarsus length, and body condition using the lmerTest and plyr packages (Kuznetsova et al.,
2017; Wickham, 2011). Nest box ID was included in each model as a random effect to account
for within-nest effects on nestling body size. Time point (day 2, day 5, day 8, day 11, and day 14
post-hatching) was included as a fixed effect to examine changes in nestling body condition over
time with respect to infection. For all linear mixed models, I generated the mean +/- standard
deviation and performed post-hoc pairwise comparisons of means using the difflsmeans function
from the lmerTest package (Kuznetsova et al., 2017). The ggplot2 package was used to visualize
data (Wickham, 2016).
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RESULTS
Infected nestlings were identified in both 2018 and 2019. Over the course of the 2
breeding seasons, 7 out of 89 (7.9%) breeding adults were infected at the time of capture (Table
1). Repeated sampling in 2019 showed that the highest proportion of infected nestlings occurred
in older nestlings just prior to fledging (14 days post-hatching) (χ2 =4.4; df =1; p<0.05). All
nestlings infected on day 2 tested negative on day 14.
Year
2018

2019

Group

PCR-positive

Breeding Adults

4/41 (9.7%)

Nestlings (D5)

9/95 (9.5%)

Breeding Adults

3/48 (6.3%)

Nestlings (D2)

10/119 (8.4%)

Nestlings (D14)
16/88 (18.2%)
Table 1: Proportion of MG infected individuals grouped by age and year sampled. Proportions
shown represent the number of infected individuals divided by the number tested (No. pos./No.
tested (%)).

Of the seven breeding adults identified with an active MG infection at the time of
sampling (Table 1), four raised broods with at least one infected nestling. In three of these cases,
the male was infected and the female was uninfected at the time of sampling. Of the 25 nests
where neither parent tested positive for MG, 11 contained ≥ 1 nestling with an active MG
infection.
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Unexpectedly, infection was not transmitted to entire broods. In nests that contained
infected nestlings, usually only 1-2 individuals tested positive for MG DNA (Table 2).
Group

n

adult females

3

adult males

4

1 positive nestling

12

2 positive nestlings

11

3+ positive nestlings

1

Total nests sampled

65

Table 2: Number of nests (n) in which an infected individual was detected.

Body condition did not differ significantly between MG infected and uninfected nestlings
on 2, 8, 11, or 14 days post-hatch (Fig. 1: D2: t=0.8, df=932.4, p=0.4; D8: t=0.09, df=932.2,
p=0.9; D11: t=-0.5, df=917, p=0.6; D14: t=0.6, df=935.4, p=0.6). However, at 5 days posthatching, infected individuals were in significantly better body condition compared to uninfected
individuals (Fig. 1: D5: t=-2.7, df=928.4, p<0.01). To further evaluate which body metric is
driving changes in body condition, I examined the relationship between nestling body mass (g)
and tarsus length (mm) at the age of swabbing. In 2018, nestlings infected with MG had
significantly higher body mass at 5 days post-hatching (Table 3). However, this relationship was
undetectable in nestlings infected with MG at 2 or 14 days post-hatching in 2019. There were no
significant differences in tarsus length with respect to infection on D2 (2019), D5 (2018), or D14
(2019) (Table 3).
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Figure 1: Mean nestling body condition over time with respect to MG infection status. Body
condition significantly differed between infected and uninfected nestlings at 5 days posthatching. Yellow boxes represent MG negative nestlings; green boxes represent MG positive
nestlings. Shown are means ± SD; * p<0.01, NS – not significant.
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Table 3: The effect of MG infection on nestling body mass and tarsus length at 2, 5, and 14 days post-hatching. Shown
are means (± SD). In 2018, infected nestlings had significantly greater body mass (g) compared to uninfected nestlings.
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DISCUSSION
With this study I evaluated if naturally infected eastern bluebird parents transmit MG to
their nestlings and whether infection is costly to nestlings. Approximately 7.9% of adult eastern
bluebirds tested positive for MG by PCR, which is consistent with infection rates in adult house
finches and other songbird hosts (Nolan et al., 2004; Sawicka et al., 2020). I found similar rates
of infection in young hatchlings (D2) and nestlings (D5) as well, suggesting that infected eastern
bluebird parents transmit MG to offspring. Older nestlings (D14), sampled prior to fledging,
were more likely to be infected compared to younger nestlings (D2). This finding is similar to
that found in Nolan et al. (2004), who suggest that infection is more common among earlier
hatched chicks. One possible explanation for this finding is that older nestlings experience
prolonged exposure to disease carriers within the nest, such as infected siblings or parents, which
may increase the likelihood of infection prior to fledging. Ultimately this result is suggestive of
horizontal disease transmission within nests, however, I cannot rule out the possibility of vertical
transmission. Future investigations into transmission mode may include the direct examination of
egg contents to better evaluate the possibility of vertical transmission in this system.
There were eleven nests in which both parents were not actively infected with MG, but at
least one nestling tested positive for MG DNA. While the route of infection remains unknown, it
is possible that infected conspecifics entered the nest box and infected the nestlings. While
conspecific nest box intrusions haven’t been well documented in eastern bluebirds, they are
common among other cavity-nesters such as jackdaws and tree swallows (Röell, 1978; Taff et
al., 2019). In tree swallows, the number of conspecific intrusions increase with nestling age, and
boxes containing older nestlings were visited most frequently by intruders (Taff et al., 2019).
Thus, conspecific intrusions may be driving disease spread in cavity-nesting species including
11

eastern bluebirds. Future work examining disease transmission in cavity-nesting species should
consider including video surveillance and/or passive integrated transponder (PIT) tags and radio
frequency identifications (RFID) readers to investigate conspecific interactions as a potential
route of disease transfer among individuals in the same population (Adelman et al., 2014).
Altricial songbird nestlings are especially vulnerable to pathogens as they have
underdeveloped humoral immune systems at hatching (Grindstaff et al., 2003; King et al., 2010).
Consequently, neonatal infection is expected to negatively impact nestling health, growth, and
development. In fact, many previous studies in songbirds show that parasitized nestlings often
have lower body mass and smaller tarsi compared to unparasitized nestlings (Merino & Potti,
1998; Nolan et al., 2004; Reed et al., 2012). However, my results suggest that nestling body
condition generally does not differ with respect to infection status. Only at a single sampling
time point, 5 days post-hatching, did I find a significant difference between infected and
uninfected chicks, where infected chicks were in better body condition. However, considering
that result did not persist throughout the nestling period, any effect on nestling fitness remains
unclear. Ultimately, future studies should continue to investigate nestling responses to infection
to further elucidate host-pathogen interactions and possible coevolution.
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CHAPTER TWO:
MATERNAL ANTIBODY TRANSMISSION AND ITS RELATION TO GROWTH AND
IMMUNOLOGIC DEVELOPMENT IN NESTLING EASTERN BLUEBIRDS (SIALIA
SIALIS)
INTRODUCTION
Maternal effects occur when a mother’s phenotype alters the phenotype of her offspring
(Mousseau & Fox, 1998). For example, prior or current maternal infection can influence neonatal
offspring through transgenerational immune effects. Transgenerational modulation of immunity
has been studied in a variety of organisms including plants, invertebrates, and vertebrates
(Agrawal et al., 1999). In vertebrates, maternal infection induces maternal antibody (matAb)
transfer (Boulinier & Staszewski, 2008), in which previously infected mothers supplement
offspring with antibodies. In birds matAbs are transferred through the egg sac into the yolk and
are taken up into embryonic circulation as the yolk is absorbed during development (Boulinier &
Staszewski, 2008).
Many factors influence the magnitude of matAb transfer, including maternal condition,
maternal infectious experience, and nestling laying order. For example, Morales et al. (2006)
found that female pied flycatchers (Ficedula hypoleuca) in better body condition lay eggs that
contain higher concentrations of matAbs, suggesting that maternal quality is linked to the
quantity of antibodies transferred. Mothers infected or immunostimulated prior to egg laying
transmit antigen-specific antibodies, which can induce protective immune effects in hatchlings
exposed to the same antigen post-hatch (Gasparini et al. 2006; Grindstaff et al. 2006). Lastly,
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mothers may differentially allocate antibodies to offspring within each clutch based on sex
(Saino et al., 2003) or laying order (Hargitai et al., 2006). For example, in barn swallows
(Hirundo rustica), mothers allocate more antibodies to daughters than sons (Saino et al. 2003).
Alternatively, in collared flycatchers (Ficedula albicollis) last-laid, smaller nestlings receive
significantly more matAbs, which may function to bolster growth and development in
disadvantaged nestlings particularly in altricial species (Hargitai et al., 2006).
In theory, mothers can transfer their entire immunological repertoire to offspring via
matAb transmission (Lemke et al., 2003), and matAbs are transferred by mothers who have prior
or current infections that upregulate pathogen-specific antibody production. Transmitted matAbs
are measured collectively (total IgY) or isolated by antigen (pathogen-specific IgY) through
specific binding assays. Total IgY is the collective pool of matAbs that are transmitted, which
were synthesized in response to a spectrum of pathogens. Alternatively, pathogen-specific IgY
are only found in individuals who have been exposed to a specific infection to which they
mounted a humoral immune response. In populations where not all individuals are exposed to the
pathogen of interest, pathogen-specific IgY is used as a diagnostic tool to determine which
individuals have experienced recent prior infection (Ley & Yoder, 2008). Neonates are unable to
synthesize their own antibodies, therefore any pathogen-specific abs detected after hatching but
prior to intrinsic immune development can be assumed to be maternal in origin.
During embryonic development, the egg yolk supplements the growing embryo with
nutrition and matAbs. As large amounts of the yolk are absorbed just prior to hatching, the level
of matAbs in circulation rapidly increases. This is presumably when the neonate is most
vulnerable to pathogens. The persistence of maternal antibodies in nestling circulation varies
among species, and the duration of circulation largely depends on the rate of catabolization or the
14

“half-life” of the antibody. In precocial young, matAbs generally have a longer half-life and thus
persist for longer in nestling circulation: matAbs in chickens have a half-life of 3-7 days
(Davison et al., 2008) and persist in nestlings for 7-10 days (Hamal et al., 2006); matAbs in quail
persist up to 11 days (Grindstaff, 2008). In short-lived altricial songbirds, matAbs have a shorter
half-life of 2-3 days and persist in nestlings for only 3-8 days, and in most studies, matAbs are
undetectable by 6 days post-hatch. Subsequent increases in total IgY levels indicate intrinsic IgY
production (Grindstaff et al., 2006; King et al., 2010). The timing of intrinsic IgY production
also varies across species. In house sparrows, IgY production begins 3-6 days post-hatching
(King et al., 2010), whereas production is slower in chickens beginning at 6-10 days posthatching (Lawrence et al. 1981).
Transferred matAbs can have both short-and-long-term consequences on offspring
immunity and growth. There are four hypotheses regarding the effects of matAbs on developing
offspring. 1) The Long Term Benefit Hypothesis proposes that transferred matAbs prime the
neonate’s intrinsic immune system against antigens the mother has previously encountered. In
some systems, maternal exposure to pathogens induces a priming effect in which offspring
immunity is upregulated (Grindstaff et al., 2006, Gasparini et al., 2006; Reid et al., 2006). For
example, immunostimulated pied flycatchers (Ficedula hypoleuca) produced nestlings with
elevated antibody production compared to nestlings from a control group (Grindstaff et al.,
2006). Similarly, juvenile song sparrows (Melospiza melodia) from vaccinated mothers mounted
a significantly stronger antibody response when challenged at one year post-hatching compared
to young from control mothers (Reid et al., 2006). Conversely, in some systems maternal
pathogen exposure and subsequent matAb transmission induces immunosuppressive or blocking
effects in offspring (Gasparini et al., 2009). Staszewski et al. (2007) found that vaccinated chicks
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belonging to vaccinated mothers produced significantly less vaccine-specific antibodies
compared to offspring from unvaccinated mothers. Overall, it appears that the impact of matAbs
on nestling immunity may vary significantly across host-pathogen systems. 2) The Direct
Immunoprotection of Neonate Hypothesis suggests that matAbs play a role in protecting
vulnerable neonates from pathogens they may encounter soon after hatching by actively assisting
in immune defense until the offspring’s own immune system provides protection. It is suggested
that matAbs provide protection from symptoms commonly associated with infection and active
immunity, such as inflammation and suppressed growth (Grindstaff et al., 2006). However, due
to the short duration of matAbs in nestling circulation, the importance of matAbs in active
immune defense has been questioned (King et al., 2010). 3) The Growth and Developmental
Trade-Off Hypothesis states that matAb transfer allows nutrients normally dedicated for immune
development to be reallocated for physical growth (Grindstaff et al., 2003). Thus, offspring with
greater amounts of matAbs will have increased mass at hatching and experience faster growth
compared to offspring lacking the antibody. 4) The No Adaptive Function Hypothesis states that
maternal antibodies are transmitted as a consequential side effect of the reproductive process and
have no significant impacts on offspring growth, immunity, or immune development (Tschirren
et al., 2009; King et al., 2010).
Here, I examine the frequency and magnitude of both total IgY and pathogen-specific
matAb transmission in a population of eastern bluebirds (Sialia sialis) with respect to nestling
phenotype. Eastern bluebirds are a primarily insectivorous, cavity-nesting species of mediumsized thrushes that readily build nests in manmade nest boxes. Mated pairs will typically raise 23 broods per breeding season, which occurs annually from March until August (Sibley 2001). As
discussed in chapter 1, adult eastern bluebirds are common hosts of the avian bacterial pathogen
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Mycoplasma gallisepticum (MG), and I found evidence that hatchlings can be infected at 2 days
post-hatching presumably when they are the most vulnerable to pathogens. Prior study indicates
that MG infection typically induces the production of MG-specific antibodies in adult eastern
bluebirds (Balenger, 2019), and preliminary data suggests that approximately 35% of wild adults
possess MG antibodies in the southeastern U.S. (Balenger, unpublished data). Furthermore,
evidence of maternal MG antibody transmission has been recorded in other hosts, such as
domestic poultry, and MG MatAbs convey disease resistance in supplemented chicks (Levisohn
et al. 1985; Benčina et al., 2005).
I hypothesize that mother eastern bluebirds, who have been naturally exposed to MG in
the wild, transmit MG antibodies to their offspring, and that these matAbs are beneficial to
offspring. I predict that nestlings with maternal MG antibodies have increased growth and are in
better body condition relative to those that lack the antibody. Furthermore, I hypothesize that
maternal MG antibodies function in immune priming. Specifically, I predict that nestlings who
receive maternal MG antibodies will have higher intrinsic IgY production during the nestling
period. To test this, I collected blood samples from eastern bluebird families in northern
Mississippi to compare the magnitude of maternally-transmitted IgY relative to MG antibodies in
nestlings.
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METHODS
I. Nest Monitoring and Blood Collection
Field monitoring and sampling occurred March-August of 2018. When nestlings were
two days old they were weighed, bled, and one toenail was clipped for future identification.
Blood samples and growth measurements were also collected on days 5, 8, 11, and 14 posthatching (Table 5). Young chicks (2 d.o.) were bled through the jugular vein whereas older
chicks (5-14 d.o.) and adults were bled through the brachial wing vein. Nestlings were banded
with a USGS band on day 8 for long-term identification (permit #23563). Adult birds, captured
using box traps, were banded, bled, weighed, and the length of their tarsal bone was measured
using digital calipers. Blood samples were stored on ice during transport to the lab and
subsequently centrifuged for 5 minutes at 4000rpm. The serum portion was decanted and frozen
at -20°C until antibody analysis.
Field Sampling Timeline

Adults

Nestlings

Day 0
Hatch
Day

Day 2

Day 5

Day 8

Day 11

Day 14

• Blood

• Blood

• Blood

• Blood

• Blood

• Growth
measurements

• Growth
measurements

• Growth
measurements

• Growth
measurements

• Growth
measurements

• Choanal
swab (2019)

• Choanal
swab (2018)

• Choanal
swab (2019)

• Blood, Condition measurements, Blood

Table 5: Field sampling timeline indicates how individual nests were sampled throughout the 14
day sampling period.
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II. Enzyme-Linked Immunosorbent Assays
A. MG Antibody Analysis
All blood samples (n=435) had the serum component extracted via centrifugation and
frozen at -20°F for future analysis. All adult serum (n=41), D2 serum (n=99), and D5 serum
(n=77) were examined for relative MG antibody concentration using the commercially available
Mycoplasma gallisepticum Antibody Test Kits (IDEXX, Westbrooke, ME). Only a subset of D8
(n=81), D11 (n=72), and D14 (n=62) samples were examined for MG antibodies. Following the
methods described in Hawley 2011, serum samples were thawed and a 1:50 sample dilution was
performed using sample diluent. The diluted samples were then added to the plate, which was
purchased pre-coated with the MG antigen, along with positive and negative controls and
allowed to bind. Then, the plate was washed and treated with the detection antibody, which
bound to MG-Ab positive samples. Next, the plate was washed and treated with
tetramethylbenzidine (TMB) substrate to induce a color change in positive samples. A stop
solution was then added to the plate to cease binding and associated color development. Optical
density (OD) was recorded at 650 nm using a spectrophotometer. The average for each duplicate
sample was taken and used to calculate an ELISA unit (OD), a standard that takes into account
intra-plate variation, for each serum sample. An antigen binding cutoff value was determined to
be 0.028 for adults and 0.0025 for nestlings, in which absorbances greater than the cutoffs
indicate MG Ab binding and absorbances lower than the cutoffs indicate non-specific binding
that cannot be attributed to MG Ab presence. In positive samples, optical density is directly
proportional to the relative concentration of MG antibodies present.
B. Total IgY Antibody Analysis
A subset of eastern bluebird families were examined for total IgY concentration using the
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commercially available Bethyl Chicken IgG ELISA kit (Bethyl, Montgomery, TX). Serum from
adult females (n=16), 2 day old (n=44), 5 day old (n=54), 8 day old (n=57), 11 day old (n=55),
and 14 day old (n=48) chicks was tested in triplicate. Serum samples were thawed and a 1:100
dilution was performed using a carbonate coating buffer. The samples were applied to the plate
in triplicate and allowed to bind overnight at 4°C. After washing with a Tris-buffered saline
wash solution, a bovine serum albumin (BSA) blocking buffer was applied to prevent
nonspecific binding and incubated for 40 minutes at room temperature on an orbital. Then, the
plate was washed and treated with the detection antibody, goat-anti bird IgG (Bethyl
laboratories). Next, the plate was washed and treated with TMB (peroxidase substrate,
tetramethylbenzidine; Bethyl laboratories) substrate to induce a color change that directly
correlates with the amount of IgY present in each sample. Lastly, a stop solution (Bethyl
laboratories) was applied to the wells to prevent further color development so sample absorbance
(OD) could be read at 450nm on a spectrophotometer (BioTek Instruments, Winooski, VT).
Optical density is proportional to the concentration of IgY antibodies present in the original
samples.
C. Calculation of Maternal Antibody Half-life
Antibodies detected in nestling serum at 2 days post-hatch were assumed to be
maternal in origin. The decline of maternal antibodies was significant between days 2 and 5 posthatch, thus I used the total IgY concentrations on days 2 and 5 to estimate the biological half-life
of maternal antibodies in nestling circulation using an equation adapted from King et al. (2010):

𝑡1/2 =

𝑡∗ln(2)
𝑁
ln( 𝑜 )

where t = time elapsed; No = IgY conc. on day 2; Nt = IgY conc. on day 5

𝑁𝑡
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D. Calculation of Maternal Antibody Duration
Immunological independence can be assumed when maternal antibodies are no longer in
circulation and nestlings are producing intrinsic IgY. After calculating the biological half-life of
maternal antibodies, I adapted an equation from King et al. (2010) to determine the duration of
maternal antibodies in nestling circulation:
1

𝑁𝑡 =  𝑁𝑜 ( )𝑡/𝑡1/2 where t= the duration of time maternal antibodies are in nestling
2

circulation; No = IgY conc. on day 2; Nt = IgY conc. on day 5; t1/2= biological half-life of
maternal antibodies.
III. Statistical Analysis
All analyses were conducted in R (R Core Team 2017, Vienna, Austria). I used the car
package to calculate body condition residuals by regressing body mass against tarsus length (Fox
& Weisberg, 2011). I calculated residuals separately for each time point. Correlations using
Kendall’s Tau were used to analyze the relationships between total IgY concentration in serum
and body mass (g), body condition, and tarsus length (mm).
I used separate linear mixed models to test the effect of MG matAbs on nestling body
condition, body mass, tarsus length, and IgY production using the lmerTest and plyr packages
(Kuznetsova et al., 2017; Wickham, 2011). Maternal ID was included in each model as a random
effect to account for within-nest effects. I included time point (day 2, day 5, day 8, day 11, and
day 14 post-hatching) as a fixed effect to examine changes in the response variables over time.
Similarly, I used separate linear mixed models to examine the mean concentration of total IgY
and MG antibodies in nestling circulation over time, with maternal ID as a random effect and
time point as a fixed effect. For all linear mixed models, I generated the mean +/- standard
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deviation and performed post-hoc pairwise comparisons of means using the difflsmeans function
from the lmerTest package (Kuznetsova et al., 2017). The ggplot2 package was used to visualize
data (Wickham, 2016).
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RESULTS
Maternal Condition, Body Mass, and Circulating Total IgY
Adult female body mass and body condition were both significantly correlated with total
IgY concentration (OD) in maternal serum (body mass: n=13, tau=0.44, p<0.0001; body
condition: n=13, tau=0.45, p<0.0001). Specifically, heavier adult females in body condition have
higher concentrations of circulating IgY (Fig.2). However, neither maternal body condition
(n=13, tau=-0.16, p=0.18) nor maternal IgY concentration (n=13, tau=-0.1, p=0.3) was
significantly correlated with the concentration of maternally-transmitted IgY in 2 day old
nestlings.

B

A

Figure 2: Correlations between maternal body size metrics and maternal total IgY. A. Maternal
body mass is plotted against the concentration of total IgY in maternal serum as measured in optical
density (OD). B. Maternal body condition is plotted against the concentration of total IgY in maternal
serum (OD). Both plots are fitted with a line of best fit.

Nestling Factors Affecting Maternal IgY Transmission
Two days after hatching, nestling body mass (g) and tarsus length (mm) were negatively
correlated with maternally-transmitted total IgY concentration in nestling serum (Fig. 3: body
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mass: tau=0.44, p<0.0001; tarsus length: tau=0.53, p<0.0001), such that heavier and larger
nestlings received fewer matAbs. Both relationships become non-significant at 5 days post-hatch
(Fig. 3: body mass: tau=-0.1, p=0.09; tarsus length: tau=0.003, p=0.9).

Figure 3: Correlations between nestling body mass, tarsus length, and maternallytransmitted IgY. (A) Nestling body mass measured in grams (g) is plotted against the
concentration of total IgY in nestling serum measured in optical density (OD) in 2 day old
nestlings. (B) Nestling tarsus length measured in millimeters (mm) is plotted against the
concentration of total IgY in nestling serum (OD) in 2 day old nestlings. (C) Nestling body mass
(g) is plotted against the concentration of total IgY in nestling serum (OD) in 5 day old nestlings.
(D) Nestling tarsus length (mm) is plotted against the concentration of total IgY in nestling
serum (OD) in 5 day old nestlings. All plots are fitted with a line of best fit.

IgY Concentration Across Nestling Development
The relative concentration of IgY in nestling serum significantly declined between 2 and
5 days post-hatching, indicating the degradation of maternal IgY in nestling circulation (Fig. 4).
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Subsequent increases in IgY after day 5 indicate intrinsic IgY production. The results of
pairwise comparisons of mean IgY concentrations are shown in Table 6. The biological half-life
of maternal IgY antibodies in nestling serum was 3.4 days (n=44), and maternal antibodies
persist in nestling circulation for approximately 7.3 days. Taking into account the half-life and
persistence of maternal antibodies, I estimate that nestlings reach immunological independence
between 8 and 11 days post-hatching, once maternal antibodies have degraded and endogenous
antibodies are detected.

Figure 4: Nestling Total IgY Immune Profile. Mean concentration of total IgY in nestling
serum is shown at each sampling time point with ±SD.
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Pairwise
Comparisons

df

t

p

D2:D5

237.1

3.4

<0.001**

D5:D8

234.2

-4.4

<0.0001***

D8:D11

233.9

2.5

0.01*

D11:D14

234.6

-5.8

<0.0001***

D2:D8

236.6

-0.6

0.5

D2:D11

236.7

2.9

<0.01

D2:D14

236.8

8.3

<0.0001***

D5:11

234.3

6.8

<0.0001***

D5:14

235.2

12.3

<0.0001***

D8:D14

234.7

8.3

<0.0001***

Table 6: Pairwise comparisons of mean IgY in nestling serum at each sampling time point.
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Maternal MG Antibody Transmission
In 2018, 19 of the 41 breeding adults possessed antibodies specific to MG, indicating
prior MG exposure. Of these, 7 were male and 12 were female (Table 7). All chicks laid by MG
Ab positive females possessed MG Abs at 2 days post-hatching, whereas chicks from MG Ab
negative mothers lacked MG Abs (Fig. 5). By 5 days post-hatching, only 19/45 nestlings still had
MG matAbs in circulation, which indicates matAb degradation (Table 7).

Figure 5: MG Abs in maternal serum compared to MG matAbs in 2 day old nestlings. The
bolded black lines represent the binding cutoff values. Values above the cutoffs indicate MG
antibody presence as represented in blue. Values below the cutoffs indicate MG antibody
absence represented in pink.
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Group

ELISA-positive
No. pos./No. tested (%)

Breeding Adults

19/41 (46%)

Females

12/23 (52%)

2 d.o. nestlings

45/45 (100%)

5 d.o. nestlings

19/45 (30%)

Table 7: The frequency of wild eastern bluebirds who tested positive for MG antibodies. The
nestlings shown here all came from mothers who possessed MG-specific antibodies.

MG matAbs were at the highest concentration 2 days post-hatching, but rapidly degraded
by 5 days post-hatching (Fig. 6). By 8 days post-hatching, all but 5 chicks nested negative for
MG antibodies and remained so throughout the nestling period. The results of pairwise
comparisons of mean MG Ab concentrations are shown in table 8.
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Figure 6: Nestling MG-specific Immune Profile. Mean concentration of MG antibodies in
nestling serum is shown at each sampling time point with ±SD. The bolded horizontal line
represents the binding cutoff value of 0.0025 OD.

Pairwise
Comparisons

df

t

p

D2:D5

166.1

8.7

<0.0001***

D5:D8

166.1

1

0.32

D8:D11

167.5

-1.1

0.27

D11:D14

167.4

0.03

0.98

D2:D8

166.1

9.7

<0.0001***

D2:D11

167.5

-10.4

<0.0001***

D2:D14

168.9

-9.9

<0.0001***

D5:11

167.5

-2.1

0.04*

D5:14

168.9

-2.0

0.047*

D8:D14

168.9

-1.1

0.28

Table 8: Pairwise comparisons of mean MG Ab concentration in nestling serum at each
sampling time point.
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The Relationship Between MG-Maternal Abs & Nestling Total IgY Concentration
The presence of MG matAbs at 2 days post-hatch does not significantly affect nestling
IgY production throughout the nestling period (Fig. 7). Pairwise comparisons of mean IgY
concentrations at each time point between MG Ab positive and negative groups is shown in table
9.

Figure 7: Mean nestling IgY production over time with respect to MG matAb status.
Shown are means±SD for each sampling time point. Chicks who receive MG matAbs are shown
in blue, whereas those who lack the antibodies are shown in pink. NS- not significant. See table 9
for pairwise comparisons.

30

Pairwise Comparison

df

t

p

MG+D2:MG-D2

26.8

1.05

0.30

MG+D5:MG-D5

23.1

0.7

0.49

MG+D8:MG-D8
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1.6

0.12

MG+D11:MG-D11

22.6

1.8

0.08

MG+D14:MG-D14

24.9

1.7

0.11

Table 9: Pairwise comparisons of mean IgY concentration between MG Ab-positive and MG
Ab-negative nestlings at each sampling time point.
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The Relationship Between MG-Maternal Abs & Nestling Body Condition
Body condition did not significantly differ between chicks who did and did not receive
MG matAbs for 2, 5, 8, and 11 days post-hatch (Fig. 8: D2: t=0.06, df=33.7, p=0.95; D5:t=0.25,
df=33.7, p=0.8; D8: t=0.12, df=33.7, p=0.9; D11: t=-0.05, df=33.9, p=0.96). However, by 14
days post-hatching nestlings who had received MG matAbs were in significantly better body
condition compared to those lacking the matAb (Fig. 8: t=-2.09, df=36.4, p=0.04).

Figure 8: Mean nestling body condition over time with respect to MG matAb status. Shown
are means ± SD for each time point. Blue boxes represent MG matAb positive nestlings; pink
boxes represent MG matAb negative nestlings. *p<0.05, NS- not significant.
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The Relationship Between MG-Maternal Abs & Nestling Body Mass & Size
To further evaluate which body metric is driving changes in body condition, I examined
the relationship between MG matAbs and nestling body mass (g) and tarsus length (mm) over
time. Tarsus length, a commonly used metric for body size, did not significantly differ based on
MG matAb status. Body mass did not significantly differ based on MG matAb status at days 2, 5,
8, or 11 post-hatching, but was marginally increased on day 14 post-hatching in chicks who had
received MG matAbs (table 10).

Tarsus Length (mm)
Pairwise Comparisons

Body Mass (g)

df

t

p

df

t

p

MG+D2:MG-D2

43.3

0.6

0.54

44.5

0.27

0.8

MG+D5:MG-D5

43.3

0.8

0.42

44.5

0.27

0.9

MG+D8:MG-D8

43.3

0.2

0.84

44.5

-0.21

0.8

MG+D11:MG-D11

43.8

-0.9

0.35

44.9

-1.20

0.2

MG+D14:MG-D14

49.5

-0.4

0.68

49.4

-1.90

0.06

Table 10: Pairwise comparisons of mean tarsus length (mm) and body mass (g) between MG
Ab-positive and MG Ab-negative nestlings at each sampling time point.
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DISCUSSION
The production and maintenance of adaptive immunity is energetically costly, and thus it
is thought that females in better body condition can afford to maintain more robust immune
responses (Klasing, 1998; Alonso-Alvarez & Tella, 2001). In this study I found that the
concentration of total IgY in maternal circulation is related to maternal body condition and body
mass, which suggests a link between maternal condition and immunity. In many studies the
magnitude of maternal antibody transfer is limited by maternal condition and/or immune
capacity (Hargitai et al., 2006; Morales et al., 2006), however, I did not detect any relationship
between the concentration of maternally-transmitted IgY in 2 day old nestlings and maternal
condition or maternal total IgY.
I found that maternally-transmitted IgY may be differentially allocated to last-laid eggs
and play a role in regulating nestling growth, particularly in smaller, underdeveloped nestlings.
Nestling mass (g) and tarsus length (mm) are both negatively correlated with the concentration of
maternally-transmitted IgY at 2 days post-hatching. Thus, nestlings who receive more maternal
IgY weigh less and are smaller. Many studies examining maternally-transmitted antibodies and
hormones within eggs indicate an inverse relationship between egg laying order and the
magnitude of maternal transmission (Hargitai et al., 2006). As an altricial species, eastern
bluebirds often begin incubation prior to clutch completion, and it has been suggested that higher
levels of matIgY may allow the last-laid, often smaller at hatching individuals to experience
increased growth to better compete with earlier-laid, larger siblings (Hargitai et al., 2006). The
relationship between nestling body sizeand total IgY concentration was no longer detectable at 5
days post-hatching due to the rapid decay of maternal antibodies in nestling circulation.
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By establishing an immune profile of nestling IgY levels over time I was able to calculate
the biological half-life of matAbs as being 3.4 days and an average duration of 7.3 days in
nestling circulation. This finding is comparable to what has been found in other short-lived
passerine species (Grindstaff et al., 2006; King et al., 2010). Other studies investigating the
duration of matAbs in songbirds have questioned their function and importance in offspring due
to their rapid decay in circulation. However, in this study maternally-transmitted antibodies were
associated with both offspring immunity and growth. Firstly, I found a marginally suggestive
relationship between MG matAb status and nestling IgY production across the nestling period.
While this pattern was nonsignificant, it warrants future study to investigate whether MGspecific antibodies are invoking a blocking effect on nestling IgY production. Secondly,
nestlings who received MG matAbs were in better body condition prior to fledging. The
difference in body condition is driven by a marginally higher body mass in 14 day old nestlings.
This finding suggests that there may be a condition-dependent tradeoff between immunity and
growth, supporting the Growth and Developmental Trade-Off Hypothesis. Supplemented
nestlings may reallocate energy normally dedicated for early immune development towards
growth and physical development (Klasing & Johnstone, 1991; Heeb et al., 1998; Pihlaja et al.,
2006), allowing these individuals to gain more mass and be in better body condition prefledging. Higher pre-fledging mass and better body condition have both been linked to first year
survival and reproductive success in a variety of species (Keller & Van Noordwijk, 1993;
Gebhardt-Henrich & Richner, 1998; Both et al., 1999), thus suggesting that maternal antibodies,
while short in duration, may have lasting impacts on songbird fitness.
As discussed in chapter 1, nestling eastern bluebirds are exposed to pathogenic MG at all
stages of the nestling period, including shortly post-hatch (D2). Thus, MG matAbs may play an
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active role in immune defense and benefit nestlings who are at risk for MG exposure. Examining
the relationship between infection and MG matAb transfer was beyond the scope of this study.
However future work would benefit from examining how nestlings with MG matAbs respond to
experimental MG infection or vaccination. Ultimately, investigating both short-and-long-term
implications of pathogen-specific maternal antibody transmission will lead to a better
understanding of both ecological and evolutionary host-pathogen interactions.

36

BIBLIOGRAPHY

37

Adelman, J.S., Mayer C., and Hawley, D.M. (2017). Infection reduces anti-predator behaviors in
house finches. Journal of Avian Biology 48: 519-528.
Adelman, J. S., Moyers, S. C., Farine, D. R., & Hawley, D. M. (2015). Feeder use predicts both
acquisition and transmission of a contagious pathogen in a North American songbird.
In Proc. R. Soc. B 282: 1815, 20151429.
Adelman, J. S., Moyers, S. C., & Hawley, D. M. (2014). Using remote biomonitoring to
understand heterogeneity in immune-responses and disease-dynamics in small, freeliving animals. Integrative and Comparative Biology, 54(3): 377–386.
Agrawal, A. A., Laforsch, C., & Tollrian, R. (1999). Transgenerational induction of defences in
animals and plants. Nature, 401(6748), 60-63.
Alonso-Alvarez, C., & Tella, J. L. (2001). Effects of experimental food restriction and bodymass changes on the avian T-cell-mediated immune response. Canadian Journal of
Zoology, 79(1), 101-105.
Anderson, R. M., & May, R. M. (1979). Population biology of infectious diseases: Part
I. Nature, 280(5721), 361.
Balenger, S.L. (2019). Costs associated with Mycoplasma gallisepticum infection of Eastern
Bluebirds (Sialia sialis). Integrative and Comparative Biology, 59, E10.

38

Benčina, D., Narat, M., Bidovec, A., & Zorman-Rojs, O. (2005). Transfer of maternal
immunoglobulins and antibodies to Mycoplasma gallisepticum and Mycoplasma synoviae
to the allantoic and amniotic fluid of chicken embryos. Avian pathology, 34(6), 463-472.
Both, C., Visser, M. E., & Verboven, N. (1999). Density–dependent recruitment rates in great
tits: the importance of being heavier. Proceedings of the Royal Society of London. Series
B: Biological Sciences, 266(1418), 465-469.
Boulinier, T., & Staszewski, V. (2008). Maternal transfer of antibodies: raising immuno-ecology
issues. Trends in Ecology & Evolution, 23(5), 282-288.
Davison, F., Magor, K. E., Kaspers, B., Fred, D., & Karel, A. S. (2008). Structure and evolution
of avian immunoglobulins. Avian immunology, 1, 107-127.
Dingfelder, R. S., Ley, D. H., McLaren, J. M., & Brownie, C. (1991). Experimental infection of
turkeys with Mycoplasma gallisepticum of low virulence, transmissibility, and
immunogenicity. Avian Diseases, 910-919.
Fox J., and Weisberg S. (2011). An {R} Companion to Applied Regression, Second Edition.
Sage.
Gasparini, J., McCoy, K. D., Staszewski, V., Haussy, C., & Boulinier, T. (2006). Dynamics of
anti-Borrelia antibodies in Black-legged Kittiwake (Rissa tridactyla) chicks suggest a
maternal educational effect. Canadian Journal of Zoology, 84(4), 623-627.
Gasparini, J., Piault, R., Bize, P., & Roulin, A. (2009). Pre‐hatching maternal effects inhibit
nestling humoral immune response in the tawny owl Strix aluco. Journal of Avian
Biology, 40(3), 271-278.

39

Gebhardt-Henrich, S., & Richner, H. (1998). Causes of growth variation and its consequences
for fitness. Oxford Ornithology Series, 8, 324-339.
Gowaty PA, Plissner JH. (2020). Eastern Bluebird. The Birds of North America (A. Poole, Ed.)
Ithaca: Cornell Laboratory of Ornithology; Retrieved March 20, 2020, from The Birds of
North America: https://birdsna.org/Species-Account/bna/species/easblu/
Grindstaff, J. L., Brodie, E. D., & Ketterson, E. D. (2003). Immune function across generations:
integrating mechanism and evolutionary process in maternal antibody
transmission. Proceedings of the Royal Society of London B: Biological
Sciences, 270(1531), 2309-2319.
Grindstaff, J. L., Hasselquist, D., Nilsson, J. Å., Sandell, M., Smith, H. G., & Stjernman, M.
(2006). Transgenerational priming of immunity: maternal exposure to a bacterial antigen
enhances offspring humoral immunity. Proceedings of the Royal Society of London B:
Biological Sciences, 273(1600), 2551-2557.
Grindstaff, J. L. (2008). Maternal antibodies reduce costs of an immune response during
development. Journal of Experimental Biology, 211(5), 654-660.
Hamal, K.R., Burgess, S.C., Pevzner, I.Y., & Erf, G.F. (2006). Maternal antibody transfer from
dams to their egg yolk, egg whites, and chicks in meat line of chickens. Poultry Sci.
85:1364-1372.
Hargitai, R., Prechl, J., & Török, J. (2006). Maternal immunoglobulin concentration in collared
flycatcher (Ficedula albicollis) eggs in relation to parental quality and laying order.
Functional Ecology, 20(5), 829-838.

40

Hartup, B. K., & Kollias, G. V. (1999). Field investigation of Mycoplasma gallisepticum
infections in house finch (Carpodacus mexicanus) eggs and nestlings. Avian diseases,
572-576.
Hawley, D. M., Grodio, J., Frasca Jr, S., Kirkpatrick, L., & Ley, D. H. (2011). Experimental
infection of domestic canaries (Serinus canaria domestica) with Mycoplasma
gallisepticum: a new model system for a wildlife disease. Avian Pathology, 40(3), 321327.
Heeb, P., Werner, I., Kölliker, M., & Richner, H. (1998). Benefits of induced host responses
against an ectoparasite. Proceedings of the Royal Society of London. Series B: Biological
Sciences, 265(1390), 51-56.
Hnatow, L. L., Keeler, C. L., Tessmer, L. L., Czymmek, K., & Dohms, J. E. (1998).
Characterization of MGC2, a Mycoplasma gallisepticum cytadhesin with homology to the
Mycoplasma pneumoniae 30-kilodalton protein P30 and Mycoplasma genitalium P32.
Infection and immunity, 66(7), 3436-3442.
Hochachka, W. M., & Dhondt, A. A. (2000). Density-dependent decline of host abundance
resulting from a new infectious disease. Proceedings of the National Academy of
Sciences, 97(10), 5303-5306.
Keller, L. F., & Van Noordwijk, A. J. (1993). A method to isolate environmental effects on
nestling growth, illustrated with examples from the great tit (Parus major). Functional
Ecology, 493-502.

41

Kempf, I., Gesbert, F., & Guittet, M. (1997). Experimental infection of chickens with an atypical
Mycoplasma gallisepticum strain: comparison of diagnostic methods. Research in
veterinary science, 63(3), 211-213.
King, M. O., Owen, J. P., & Schwabl, H. G. (2010). Are maternal antibodies really that
important? Patterns in the immunologic development of altricial passerine house
sparrows (Passer domesticus). PLoS One, 5(3), e9639.
Klasing, K. C. (1998). Nutritional modulation of resistance to infectious diseases. Poultry
science, 77(8), 1119-1125.
Klasing, K. C., & Johnstone, B. J. (1991). Monokines in growth and development. Poultry
science, 70(8), 1781-1789.
Kollias, G. V., Sydenstricker, K. V., Kollias, H. W., Ley, D. H., Hosseini, P. R., Connolly, V., &
Dhondt, A. A. (2004). Experimental infection of house finches with Mycoplasma
gallisepticum. Journal of Wildlife Diseases, 40(1), 79-86.
Kuznetsova A., Brockhoff P.B., and Christensen R.H.B. (2017). lmerTest Package: Tests in
Linear Mixed Effects Models. Journal of Statistical Software, 82(13), pp. 1-26.
Lawrence, E.C., Arnaud-Battandier, F., Grayson, J., Koski, I.R., Dooley, N.J., Muchmore, A.V.,
Blaese, R.M., (1981). Ontogeny of humoral immune function in normal chickens: a
comparison of immunoglobulin-secreting cells in bone marrow, spleen, lungs, and
intestine. Clin. Exp. Immunol. 43:450-457.
Lemke, H., Hansen, H., & Lange, H. (2003). Non-genetic inheritable potential of maternal
antibodies. Vaccine, 21(24), 3428-3431.

42

Levisohn, S., Glisson, J. R., & Kleven, S. H. (1985). In ovo pathogenicity of Mycoplasma
gallisepticum strains in the presence and absence of maternal antibody. Avian diseases,
188-197.
Ley, D. H., Berkhoff, J. E., & McLaren, J. M. (1996). Mycoplasma gallisepticum isolated from
house finches (Carpodacus mexicanus) with conjunctivitis. Avian diseases, 480-483.
Ley, D. H., & Yoder Jr, H. W. (2008). Mycoplasma gallisepticum infection. Diseases of poultry,
12, 807-834.
Lin, M. Y., & Kleven, S. H. (1982). Egg transmission of two strains of Mycoplasma
gallisepticum in chickens. Avian diseases, 487-495.
Luttrell, M. P., Stallknecht, D. E., Fischer, J. R., Sewell, C. T., & Kleven, S. H. (1998). Natural
Mycoplasma gallisepticum infection in a captive flock of house finches. Journal of
Wildlife Diseases, 34(2), 289-296.
Merino, Santiago & Potti, Jaime. (1998). Growth, nutrition, and blow fly parasitism in nestling
Pied Flycatchers. Canadian Journal of Zoology. 76. 936-941.
Morales, J., Sanz, J. J., & Moreno, J. (2006). Egg colour reflects the amount of yolk maternal
antibodies and fledging success in a songbird. Biology letters, 2(3), 334-336.
Mousseau, T. A., & Fox, C. W. (1998). The adaptive significance of maternal effects. Trends in
ecology & evolution, 13(10), 403-407.
Nolan, P. M., Roberts, S. R., & Hill, G. E. (2004). Effects of Mycoplasma gallisepticum on
reproductive success in house finches. Avian diseases, 48(4), 879-885.

43

Pihlaja, M., Siitari, H., & Alatalo, R. V. (2006). Maternal antibodies in a wild altricial bird:
effects on offspring immunity, growth and survival. Journal of Animal Ecology, 75(5),
1154-1164.
R Core Team. (2017). R: A language and environment for statistical computing. R Foundation
for Statistical Computing.
Röell, A. (1978). Social Behaviour of the Jackdaw, Cor Yus Moned Ula, in Relation To Its
Niche. Behaviour, 64(1-2), 1-122.
Reed, T. E., Daunt, F., Kiploks, A. J., Burthe, S. J., Granroth-Wilding, H. M., Takahashi, E. A.,
Newell, M., Wanless, S., & Cunningham, E. J. (2012). Impacts of parasites in early life:
contrasting effects on juvenile growth for different family members. PloS one, 7(2),
e32236.
Reid, J. M., Arcese, P., Keller, L. F., & Hasselquist, D. (2006). Long-term maternal effect on
offspring immune response in song sparrows Melospiza melodia. Biology letters, 2(4),
573-576.
Saino, N., Romano, M., Ferrari, R. P., Martinelli, R., & Møller, A. P. (2003). Maternal
antibodies but not carotenoids in barn swallow eggs covary with embryo sex. Journal of
evolutionary biology, 16(3), 516-522.
Sawicka, A., Durkalec, M., Tomczyk, G., & Kursa, O. (2020). Occurrence of Mycoplasma
gallisepticum in wild birds: A systematic review and meta-analysis. Plos one, 15(4),
e0231545.

44

Sibley, D. (2001). The Sibley guide to birds. National Audubon Society.
Sibley, D. A. (2003). The Sibley field guide to birds of Eastern North America. National
Audubon Society.
Staszewski, V., Gasparini, J., Mccoy, K. D., Tveraa, T., & Boulinier, T. (2007). Evidence of an
interannual effect of maternal immunization on the immune response of juveniles in a
long-lived colonial bird. Journal of Animal Ecology, 1215-1223.
Taff, C. C., Zimmer, C., Scheck, D., Ryan, T. A., Houtz, J. L., Smee, M. R., ... & Vitousek, M.
N. (2019). Plumage manipulation alters the integration of social behavior, physiology,
internal microbiome, and fitness. bioRxiv, 826719.
Tschirren, B., Siitari, H., Saladin, V., & Richner, H. (2009). Transgenerational immunity in a
bird–ectoparasite system: do maternally transferred antibodies affect parasite fecundity or
the offspring's susceptibility to fleas?. Ibis, 151(1), 160-170.
Wickham, H. (2011). The Split-Apply-Combine Strategy for Data Analysis. Journal of
Statistical Software, 40(1), 1-29.
Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

45

VITA
Sarah D. Amonett
Department of Biology
University of Mississippi
University, MS 38677

EDUCATION
Master of Science, Biological Sciences, University of Mississippi, 2020
Advisor: Dr. Susan Balenger
Bachelor of Science, Biology, Stephen F. Austin State University, 2017
Advisor: Dr. Jennifer Gumm
Associate of Arts, Temple College, 2015
Texas Bioscience Institute
EMPLOYMENT
Southern Arkansas University
Instructor of Biology

2020-present

University of Mississippi
Teaching Assistant

2017-2020

Stephen F. Austin State University
Research and Animal Care Technician

2016-2017

RESEARCH EXPERIENCE
University of Mississippi
Masters Student
PI: Dr. Susan Balenger
Research Topic: Transgenerational effects in a natural host-pathogen system

2017-2020

Stephen F. Austin State University
2016-2017
Research and Animal Care Technician
PI: Dr. Jennifer Gumm
Research Topic: Vocal communication & reproductive behavior in freshwater pupfish
46

AWARDS AND FUNDING
9th Annual Graduate Research Symposium Travel Award ($600)
University of Mississippi, Graduate Student Council

2019

Graduate Student Travel Award ($200)
University of Mississippi, Graduate Student Council

2019

Luther Knight Graduate Research Grant Opportunity ($500)
University of Mississippi Field Station

2018

Steven Vogel Student Research Award GIAR ($933)
Society of Integrative and Comparative Biology

2017

Zeleny Research Grant ($1,200)
North American Bluebird Society

2017

Biology Regents Scholarship ($6,000)
Stephen F. Austin State University

2015-2017

Academic Excellence Scholarship ($6,000)
Stephen F. Austin State University

2015-2017

ACADEMIC APPOINTMENTS
Instructor of Biology: Southern Arkansas University
Introduction to Biology
Anatomy and Physiology I and II
Graduate Teaching Assistant: University of Mississippi
Introductory Physiology (3 semesters)
Biological Sciences I (2 semesters)
Biological Sciences II (2 semesters)
CONFERENCE PRESENTATIONS
Society of Integrative and Comparative Biology Annual Meeting
Austin, TX. Talk- “Mother Knows Best: Immune-based Maternal Effects
in Response to Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2020

American Society of Microbiology- South Central Branch Annual Meeting
Oxford, MS. Talk- “Immune-based Maternal Effects in Response to
Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2019

47

Association of Southeastern Biologists Annual Meeting
Memphis, TN. Talk- “Immune-based Maternal Effects in Response to
Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2019

University of Mississippi Field Station Science Day Conference
Abbeville, MS. Talk- “Immune-based Maternal Effects in Response to
Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2019

Society of Integrative and Comparative Biology Annual Meeting
Tampa, FL. Poster- “Immune-based Maternal Effects in Response to
Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2019

University of Mississippi 9th Annual Graduate Research Symposium
Oxford, MS. Poster- “Immune-based Maternal Effects in Response to
Mycoplasma gallisepticum Infection in Eastern Bluebirds”

2019

MENTORSHIP
6 undergraduate research students at the University of Mississippi
20 undergraduate field research assistants at the University of Mississippi

2017-2020
2017-2020

EDUCATIONAL OUTREACH
Strawberry Plains Audubon Center- Holly Springs, MS
Hummingbird Migration & Nature Celebration
Community Educator- “Monarch Butterfly Conservation Station”

2019

University of Mississippi Science Day Celebration- Abbeville, MS
Community Educator - “Songbird Station and Nature Walk”

2019

University of Mississippi Field Station- Abbeville, MS
Middle School STEM Day Camp
Youth Educator- “‘Bird Bed & Breakfast’ & Banding Demonstration”

2018

University of Mississippi STEM Festival- Oxford, MS
Department of Biology
Community Educator - “Bird Bed & Breakfast”

2018

University of Mississippi Science Day Celebration- Abbeville, MS
Community Educator - “Bird Bed & Breakfast”

2017

Strawberry Plains Audubon Center- Holly Springs, MS
Hummingbird Migration & Nature Celebration
Community Educator - “Native Fauna of Mississippi”

2017

48

